Solution imaging using resonant techniques for atomic force microscopy is greatly simplified by driving the cantilever directly. We have taken advantage of the temperature-sensitive bending properties of metal-coated silicon nitride cantilevers to induce vibrations in the lever using a modulated laser. We demonstrate that photothermal modulation with a nominal 2 mW laser in solution produces a single resonance, typically, of 8-20 nm amplitude, that can be used for imaging. We present high-quality images of DNA on a mica surface to show the capabilities of this technique for solution imaging.
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Atomic force microscopy ͑AFM͒ has proven to be a valuable tool for studying biological systems. 1 AFM imaging under solution allows one to monitor biological processes in real time at the macromolecular level. A major problem with solution imaging occurs with samples, such as DNA, that are weakly adsorbed to a surface, because they are easily displaced during imaging. This problem can be alleviated by resonance techniques that oscillate the cantilever as the sample is scanned laterally. There is a great need for reliable implementation of resonance mode imaging in solution because the most common techniques yield quality images much less than 50% of the time. We present an application of photothermal-modulation excitation of an AFM cantilever for resonance mode imaging in solution. We demonstrate the technique by producing high-quality images of DNA in solution and present a quantitative analysis of the mechanical and thermal properties of a laser-heated cantilever.
The most common method for producing cantilever oscillation mirrors the technique employed in air: the support that holds the chip to which the cantilever is attached is oscillated by a piezoelectric transducer. While this approach produces reliable resonance spectra in air, in liquid the coupling of the support vibration to acoustic modes of the liquid produces spectra that contain many features unrelated to the cantilever vibrational modes. 2, 3 In general, this method is sensitive to solution conditions as well as to the properties of the individual cantilever being employed. It is clearly of interest to limit the vibrational excitation to the cantilever.
In the past year techniques that drive the cantilever directly, such as magnetic modulation 4 and thermal modulation with remote resistive heating, 5 have been developed for solution imaging. Thermal modulation techniques exploit the temperature-dependent bending of a cantilever due to the difference in the thermal expansion coefficients between a deposited metal film and the cantilever material. In other contexts, the temperature-dependent bending of AFM cantilevers has been used to develop a femtojoule calorimeter 6 and to observe heat fluctuations of a gas phase chemical reaction. 7 Previously, photothermal modulation of metal-foil cantilevers has been used to image in air. 8 In this letter, we demonstrate that photothermal modulation of commercially available cantilevers using a modulated semiconductor laser can be used to obtain high-quality images.
The instrumental setup is diagramed in Fig. 1 . The vibration of the cantilever is generated by focusing a modulated diode laser ͑coherent, modulated/variable-power visible-laser module͒ onto the cantilever using a single lens that produces a spot size of about 20 m. A standard AFM controller ͑Digital Instruments, Inc., Nanoscope III͒ is used, and the drive signal that typically powers the piezoelectric transducer is diverted to a homebuilt conditioning circuit to drive the diode laser ͑Fig. 1͒. The position of the laser spot is optimized by observing the oscillating part of the photodiode top-bottom signal. This position is, typically, at the base of the cantilever where it makes contact with the support. While a͒ Author to whom correspondence should be addressed. Electronic mail: derie@net.chem.unc.edu this observation cannot be explained using a steady-state theory to model the temperature-dependent bending of the cantilever, it is predicted by a time-dependent model for heat flow down a thin rod.
The derivation of the response of the cantilever to the illumination by a heating laser involves two parts: the determination of the temperature profile in the cantilever and the mechanical response of the cantilever to the temperature distribution. The bending of the cantilever due to a temperature profile T(x) measured with respect to the ambient temperature, is governed by the second-order differential equation
where the subscripts refer to the two layers ͑1: Au, 2: Si 3 N 4 ͒, ␣ is the thermal coefficient of expansion ͒, z is the coordinate normal to the beam axis, and x is the coordinate along the beam. 9 To determine the temperature profile, we must specify the manner in which the energy from the laser beam is deposited into the cantilever, the heat losses, and the boundary conditions. One set of conditions that is sufficiently complex to describe the main features of the problem while providing an analytical solution is the periodic heating of a thin rod at its end. 10 The temperature is considered to be constant through the cross section, while sustaining heat loss along the rod to a surrounding medium at a rate proportional to the temperature difference with that medium. For this case, the solution for the temperature profile is given by
T͑x ͒ϭAe
Ϫqx cos͑tϪqЈx ͒, ͑2͒
ϭHp/͑Cw͒. ͑5͒
The thermal diffusivity Kϭ/C is the ratio of the thermal conductance to the product of the heat capacity C and the mass density . H characterizes the heat flow into the medium, p is the perimeter of the cantilever, and w is the cantilever width. A simple model for the heat flow into a surrounding medium is to assume that the heat is conducted across a boundary layer of thickness b and set Hϭ w /b. In our case, the medium is water ( w ϭ.71 W m Ϫ1 K
Ϫ1
); we assume a boundary layer of bϭ10 m. We model a 100 m long triangular cantilever with legs of width 20 m as a 100 m rectangular cantilever 11 with a 40 m width. Because the cantilever has a thin metal layer on a dielectric, the thermal properties, like the mechanical properties, must be modeled as a laminated system; 12 C is replaced with (C) eff ϭ(C . This solution is a heavily damped sine wave with a 1/e length given by 1/qϭ15.4 m, and oscillation wavelength ϭ2/qЈϭ357 m. This result provides an initial explanation for our qualitative observation that to get substantial oscillation of the cantilever the heating laser must be located near the base of the cantilever where it joins the support chip (xϭl). Heating the cantilever at its free end will produce a temperature modulation in the cantilever only over the first 30 m, which would not be expected to couple strongly to the fundamental vibrational mode that involves a displacement of the cantilever over its entire length.
More quantitative insight into the optimum excitation geometry can be provided by solving for the displacement of the cantilever free end when the temperature profile of the cantilever is given by T(x)ϭA exp(Ϫq͉xϪd͉) ͑Fig. 2͒. This temperature profile is for the case where the heat is absorbed as a delta function at location xϭd, assuming the oscillating part of the spatial dependence can be ignored (1/qӶl). By setting PϭϪ͓ eff (t 1 ϩt 2 )w͔‫ץ‬T/‫ץ‬x, where P is the amplitude of the modulated laser power that is absorbed, we can solve for Aϭ P/͓2qw( 1 t 1 ϩ 2 t 2 )͔. The solution for the displacement of the cantilever, obtained by solving the second-order differential equation with the boundary conditions of z(l) ϭ‫ץ‬z(l)/‫ץ‬xϭ0 and enforcing the continuity of z and ‫ץ‬z/‫ץ‬x at xϭd, is given by z(0)ϭ(aA/q 2 )͓(lϩL)e (⌬ϪL) Ϫe Ϫ⌬ Ϫ2⌬͔, where we introduce the dimensionless quantities L ϭql and ⌬ϭqd. The optimum position for the heating laser can be found by determining the value of ⌬ that maximizes z(0). We find that ⌬ϭ5.15 for Lϭqlϭ100 m/15.4 m ϭ6.5. For a range of values of L of experimental interest ͑i.e., Lϭ5 -20͒, we find that the optimum position of the heating laser from the cantilever base is about 1-2.5 times the decay length 1/q. The physical reason for this result is clear: given that the temperature modulation ͑and hence, cantilever bending͒ is confined to a region on the order of 1/q, it is preferable to place this region at the base because any bending there will produce a magnified deflection of the cantilever end. Finally, inserting the value ⌬ϭ5.15 and L ϭ6.5, we find that a 1 mW modulation amplitude of the absorbed laser power will produce a 40 nm deflection of the free end. This deflection is consistent with our results, an amplitude modulation of laser illumination of ϳ2 mW with
The model for the mechanical and thermal properties of the cantilever. The modulated laser power is assumed to be absorbed as a delta function at a distance d from the cantilever end, producing a modulated temperature profile whose spatial distribution is described as a decaying exponential function.
an estimated absorption in the AuPd overlayer of ϳ30% produces an oscillation amplitude of 10 nm. High-resolution solution images were obtained using both 100 and 200 m long Si 3 N 4 cantilevers ͑Digital Instruments͒ having spring constants of 0.58 and 0.12 N/m, respectively. While vibration in air can be observed with unmodified commercial gold-coated Si 3 N 4 cantilevers, a significant amplitude in the solution required the top of the cantilever to be blackened to increase the absorption of the laser light. The back of the cantilever was blackened either by painting the back of the entire tip chip with black paint or by sputter coating the tip chip with Au/Pd. Figure 3 shows typical responses of a paint-blackened 100 m cantilever driven mechanically and photothermally in solution. Similar results were obtained with both 100 and 200 m Au/Pd-coated cantilevers. The mechanically driven lever generates an excitation spectrum with many resonances, while the spectrum for photothermal modulation shows a single resonance at 8 kHz. This resonance frequency and amplitude are dampened relative to air where a resonance frequency of 40 kHz with an amplitude of 30-40 nm is observed. 13 The spurious resonances observed with the mechanically driven lever can complicate frequency selection for imaging, since they are vibrations of the cantilever where the amplitude is not clipped for the feedback signal. 2 The efficacy of this method is demonstrated by the image of DNA shown in Fig. 4 . Consecutive images of the DNA show no deformations. The measured width and height of the DNA are 7.0 and 2.5 nm, respectively.
In conclusion, we have demonstrated the application of photothermal modulation to directly drive the vibration of a commercially available AFM cantilever for resonance imaging in solution. The photothermal modulation technique cleanly excites the fundamental cantilever vibrational mode of commercially available cantilevers. We have presented an analytical model for the laser-induced bending of the cantilever that includes the role of the liquid, modulation frequency, and the optimum location of the heating laser. Finally, we have demonstrated the technique with solution imaging of freshly adsorbed DNA. 
